Introduction
The transport of chemical species across synthetic and biological membranes is of importance in many areas. These include: medically-related processes, such as the transport of water and solutes through cartilage [1] [2] [3] and transdermal drug delivery 4, 5 basic processes pertinent to cellular processes, such as transport across lipid monolayers [6] [7] [8] and bilayers; [9] [10] [11] [12] [13] and applications in fuel cell technology. [14] [15] [16] In this paper, we describe the use of laser scanning confocal microscopy (LSCM), coupled with constant volume flow ratepressure measurements, as a new approach for visualising and quantifying the nature of fluid flow across porous materials. The methodology is general, but is illustrated with studies of flow across the porous material, dentine. Quantitative measurements of fluid flow rates across dentine are particularly important in the development and assessment of treatments for dentinal hypersensitivity which is a common problem in the adult population. Dentine contains tubules, usually 1 -2 μm in diameter at a density of ca. 1 × 10 6 -1 × 10 7 cm -2 , 17 which run between the pulp and enamel in the tooth structure. 18 When the enamel erodes or gums recede, the tubules become exposed, providing pathways between the oral cavity and nerve fibres in the pulp. It has been shown in-vivo that a pressure gradient exists across dentine, which causes the outward flow of fluid. 19 This fluid flow increases in response to tactile, thermal and osmotic stimuli, 20 which is thought to result in a mechanoreceptor response in the nerve fibres of the pulp, which is detected as pain. 21 Significantly, this outward fluid flow may result in a barrier to the inward diffusion of desensitising actives which are targeted at pulpal nerves. 22 Clearly, this has implications for the strategies used to treat dentinal hypersensitivity.
A number of techniques have been employed for the measurement of dentinal fluid flow rates in-vitro, on feline, 23 canine, 24 bovine, 25 and human 26, 27 teeth.
However, these techniques are limited to the determination of permeability across bulk dentine by either hydraulic conductance methods or bulk radiation measurements, which can only provide the mean flow rate for the entire sample studied. More recently, scanning electrochemical microscopy (SECM) has been employed to image the rate of fluid flow through porous solids, 28, 29 with a resolution governed by the size of the probe electrode used (typically in the range 2 -25 μm). In optimal circumstances, SECM is thus capable of resolving flow through a single tubule.
In the SECM approach, local fluid flow rates and the topography of dentine slices have been sequentially mapped in-situ by monitoring the transport-limited current for the electrolysis of a target mediator at an ultramicroelectrode (UME) probe, as a function of position in the plane above the surface. These measurements employ a two-compartment cell, with each side separated by a slice of dentine and containing a target analyte at the same concentration. In the absence of an applied fluid pressure, the current response depends only on the tip-substrate separation, thereby revealing topographical information. Laser scanning confocal microscopy (LSCM) coupled to a constant volume flow-pressure measuring system is introduced as a new technique for the quantitative measurement of fluid flow across porous materials. Such processes are ubiquitous from the life sciences to materials science and the methodology herein could find widespread application. The methodology has been applied to the detection of fluid flow through human dentine, in-vitro, and in the assessment of occlusion actives. Dentine is a calcareous material sandwiched between the pulp and enamel in the tooth structure that contains tubules which traverse dentine in the pulp to enamel direction. The tubules become patent during enamel erosion or gum recession, leading to dentinal hypersensitivity. Understanding the nature of fluid flow is important, as a pressure gradient exists across dentine in-vivo and this has implications for the development of suitable treatments. The methodology described herein firstly allows a ready assessment of the general efficacy of treatments via hydraulic permeability measurements. Second, LSCM images allow the nature of the flow process and the mode of action of the treatments to be revealed at high spatial resolution. For the particular case of dentine, we demonstrate how the method allows candidate treatments to be compared and assessed. pressure, local regions of fluid flow are identified as an enhancement in the tip current due to convective flow through the membrane. 17, 28 With permeability maps obtained in this way, studies can then be extended to examine the effect of fluid flow blocking agents. 30 A key outcome of the prior SECM studies was the acknowledged importance of making high spatial resolution measurements, in line with other work 31, 32 which has demonstrated that tubules in dentine show a range of structures, and hence, by implication, may be characterised by different fluid flow rates and different responses to treatment.
Although SECM is a powerful technique, the general lack of feedback control to accurately regulate the distance between the tip and the substrate means the area imaged and electrode sizes employed are limited in order to avoid tip crash. Moreover, there are strict demands on the flatness of the sample studied. Most importantly, SECM is characterised by rather lengthy imaging times, severely limiting the time-resolution of the technique in imaging applications, 33 although this can be improved through the use of multi-electrode probes. 34 In this paper we introduce laser scanning confocal microscopy (LSCM) as a new complementary approach for imaging flow across porous materials, supported by a simple method for measuring hydraulic permeability. In LSCM, a laser provides a point source of illumination and fluorescent light emitted from this spot is focused to a point and passed through a pinhole for detection at a photomultiplier. In this way the pinhole rejects light that would obscure the image, i.e. light reflected by areas of the sample above and below the plane of interest. By scanning the light position, it is possible to build up a three dimensional fluorescence image of the substrate of interest. The spatial resolution of the technique is ultimately governed by the wavelength of laser used, and is thus comparable to the best achievable with SECM. 35 As a rule of thumb, images typically take only a few seconds to acquire, in contrast to SECM which takes tens of minutes, although this obviously depends upon the number of pixels recorded in the image, and the signal-to-noise requirements.
In this paper we show how LSCM can be used to identify and assess heterogeneities in fluid flow through dentine, in-vitro, through the use of an experimental set up that is generally applicable to imaging of transport across membranes. We are unaware of any previous studies aimed at quantitatively visualising flow, although the use of LSCM for the fluorescence imaging of static porous structures has been reported previously. [36] [37] [38] [39] For example, the morphologies of microporous membranes have been elucidated, without the need for staining. 36 Fluorescent labelling of sieve elements and liposomes, respectively, has been utilised in order to visualise transport processes through sieve tubes and skin. 37, 38 Microcrack networks in granite have also been explored using fluorescent resin impregnation. 39 Penetration of an antibiotic into a biofilm has been compared to its transport across a transwell using LSCM. 40 The structure of monolithic silica columns used for chromatography has been visualised, 41 and the mixing efficiency of macroporous polymer plugs in microfluidic devices has been investigated. 42 The studies described herein develop these approaches to the dynamic visualisation of fluid flow, together with a simple hydraulic permeability measurement which allows quantification of the flow process.
Materials and Methods

Dentine sample preparation
Dentine slices ca. 100 μm in thickness were used in all experiments. These were taken from a coronal section of the outer third of dentine from human third molars, supplied by ABSBio, USA with informed patient consent and in accordance with current human tissue acquisition legislation. The teeth were sterilised in 20000 ppm sodium hypochlorite. The slices were polished on 600 grit Carbimet polishing paper (Buehler, Coventry, UK), followed by 4000 grit silicon carbide paper (Buehler), to remove ridges inherent to the cutting process. The organic smear layer 43 was removed by etching the dentine in 10% citric acid (Aldrich, UK) for 3 min and then thoroughly rinsing in Milli-Q reagent water. Although this preparation procedure may enhance the permeability of the dentine samples, it would provide a more stringent test of treatments which act by occluding tubules against a fluid flow. Once prepared, each dentine disk was sealed flush on the end of a glass capillary (4.0 mm o.d., Harvard Apparatus, Kent, UK) using a superglue/nail varnish mixture (Bostik, UK). As described below, this served as the membrane separating a donor from a receptor solution for LSCM measurements.
Laser scanning confocal microscopy (LSCM)
The experimental setup is shown in Fig. 1 . LSCM imaging of the dentine sample was carried out in a cell comprising of a PTFE base and glass cell body which effectively served as the receptor compartment. This was placed on the stage of a Zeiss LSM 510, Axioplan 2, confocal microscope. The glass stage plate and condenser of the microscope were removed to allow positioning of the dentine substrate attached to the glass capillary, as shown in Fig. 1 . The glass capillary was secured through a hole in the bottom of the cell and sealed in with wax to avoid leakage of solution. The capillary was filled with a solution containing 10 μM rhodamine B (Fluka) and 1 mM CaCl2 (Sigma-Aldrich) in 20 mM HEPES buffer (Fluka) and connected to a 100-ml syringe pump (KD Scientific, Holliston, MA), containing the same solution, via silicone rubber tubing. The cell was filled with a solution containing 1 mM CaCl2 in 20 mM HEPES buffer. The electrolyte composition is relevant to mimic in-vivo conditions.
All LSCM images were obtained using a water immersion objective lens (Zeiss, Achroplan 20×/0.50W) with a 10× tube lens. A HeNe laser (λ = 543 nm) was used, in conjunction with a long-pass filter (λ = 560 nm). Images were typically acquired Fig. 1 Schematic of the experimental set-up for LSCM measurements. The dentine sample was glued flush onto a glass capillary, which was secured into the cell. The capillary was filled with the rhodamine B solution and connected to a syringe pump via silicone tubing. The syringe and tubing also contained rhodamine B solution. The cell was filled with buffer solution. Images were obtained via the objective lens. Simultaneous pressure measurements utilised a differential pressure sensor (not shown).
by scanning an area of 460 × 460 μm in the x-y plane (parallel to the dentine surface) at specific intervals over a set time period, to produce a time series.
Procedure
LSCM images were acquired for five groups of four dentine samples. Each group was treated in one of five ways: (1) untreated dentine; (2) dentine brushed with a wet brush (KerrHawe) to simulate standard brushing without any additive; (3) dentine with a commercial varnish applied (Cervitec ® , Ivoclar-Vivadent); (4) dentine brushed with a placebo toothpaste; and (5) dentine brushed with a toothpaste containing alginate gel as a candidate active for dentinal hypersensitivity. A fresh dentine sample was used for each type of experiment. In each case, the syringe pump (KD Scientific 100) was switched on, at a flow rate of 3 ml/h, concomitantly with the image acquisition software. Visualisation was carried out in this way to ensure that regions of active flow could be identified clearly; excessive periods could result in a wash-out of the observed effects. The flow rate of 3 ml/h led to the development of trans-dentine pressure which encompassed that measured in-vivo and led to higher pressures to provide a challenge to the various treatments considered. Pressure-time data were measured simultaneously via a digital differential pressure sensor, built in-house. Figure 2 shows a typical series of LSCM images, recorded just at the outer dentine surface, over a time series of 120 s for untreated, brushed dentine (procedure 2). The images were obtained just after flow commenced. With time, the extent of fluorescence increases, which is evidence that rhodamine B is transported through the sample. However it is also evident that the transport process is spatially heterogeneous. Some areas of the sample are highly fluorescent and these areas increase in fluorescence, whereas other areas remain dark. This imaging technique is able to probe these heterogeneities in mass transport at the microscale. The pressure-time data shown as an inset to Fig. 2 show that the pressure gradually increases with time, which is evidence that there is an impediment to flow at this volume flow rate. Thus the pressure-time measurement provides information which complements the visualisation.
Results and Discussion
LSCM and pressure-time data
The sensitivity of the pressure-time data in identifying the ease with which flow occurs can be seen clearly in Fig. 3 . This shows the measurements for (a) dentine after no treatment and no brushing (procedure 1); and (b) after treatment with a commercial varnish (procedure 3). It can be seen that the pressure rises steeply with time in the latter case due to the varnish providing an effective barrier to flow. Figure 4 compares an optical differential interference contrast (DIC) image of an etched dentine sample (a) before and (b) after treatment with the commercial varnish. It is apparent that the varnish grossly covers the dentine surface after treatment, occluding the tubules which are visible in (a). Thus, as the syringe pump compresses the system, the pressure rises steeply as the system is essentially closed. The LSCM data for the dentine sample treated with the commercial varnish showed no flow of rhodamine B through the tubules, which was as expected from the optical and pressure-time data. Interestingly, the pressure increase for dentine after no treatment (Fig. 3(a) ) is larger than for brushing with no paste (inset to Fig. 2 ) which suggests that brushing removes some debris and clears some tubules which are (partially) blocked after the preparation stage.
A significant aspect of this paper is to assess a new active for dentinal tubules which can be included in a paste. To this end, dentine samples were then treated with an alginate paste (procedure 5). Alginate is a naturally occurring polysaccharide which reacts in the presence of divalent cations, especially Ca 2+ , to form a robust gel. 44 Thus, it was expected that a gel would form in the presence of the 1 mM CaCl2 which was included in both the donor and receptor solutions and is typical of the Ca 2+ levels found in saliva. 45 Figure 5 shows fluorescence images over the final 66 s of this period for brushed dentine treated with the alginate paste. From Fig. 6 , the pressure-time data over 120 s for dentine brushed with alginate paste, it can be seen that the mean pressure increases significantly above the value for brushed dentine (inset, Fig. 2) , clearly showing that treatment with the paste impeded the flow process across the sample. The mechanism by which this occurs can be seen in the time series images (Fig. 5) . The treatment leads to partial occlusion of the surface by deposited particles, most likely silica, which fluoresce and appear bright. These have dimensions of ca. 30 -40 μm. There is an increase in the spatially heterogeneous fluorescence, which is attributed to the transport of rhodamine B across the sample, but this is clearly impeded by the blocking method. Occasionally the flow is such that a particle can be dislodged. For example, a particle (indicated by the arrow in the third frame (t = 66 s)) appeared in the frame after apparently being expelled from tubules. It then travelled across the frame (see for example the new arrow position in frame 12 (t = 120 s)). Another fragment appeared in the frame halfway through this series of images, and is indicated within the circle. This particle sat on the surface of the dentine throughout the remainder of the time series. The pressure-time data obtained for the placebo paste (procedure 4), which did not contain alginate, are also shown in Fig. 6 . The pressure increases significantly compared to simple brushing (inset to Fig. 2) , indicating that the paste occludes tubules, but the rise in pressure is not as great as for the alginate paste. Thus, the alginate paste acts to provide a more robust blocking effect.
Hydraulic conductance calculations
The measurements at constant volume flow rate allowed the hydraulic permeability of the dentine, Lp, to be calculated: 46 
Lp
where Vf is the volume flow rate (μl min -1 ), S is the area of the sample (cm 2 ) and P is the driving pressure across the dentine (cm H2O). For untreated, unbrushed dentine, the pressure increases with time and quickly reaches a steady state value of 9.5 kPa (95 cm H2O 
Conclusion
LSCM has been shown to be a sensitive means of visualising fluid flow through dentine over relatively large areas, and for evaluating the effect of surface treatments on flow. The capacity of the technique for capturing time series is of particular use for observing the dynamic action of certain treatments. By combining the fluorescence data with pressure-time data, it is possible to elucidate further information about the system in question. This enhanced understanding of the nature of fluid flow and of the effect of occlusion agents on this flow will be valuable in the development of more effective treatments for dentinal hypersensitivity. The new technique is versatile and has the capacity to be applied to other areas concerned with the flow of fluid through a substrate or membrane.
The studies herein have shown that brushing the dentine caused higher levels of fluorescence over the time period of the experiment, hence it may be concluded that brushing the dentine allows more facile flow, by opening up tubules that may have remained occluded after acid etching. The pressure-time data obtained lends further support: there was a much smaller increase in pressure for brushed dentine than for unbrushed dentine over a 120 s experimental period. In contrast, the 6 Square symbols: Pressure-time data obtained during uid ow through human dentine, etched in 10% citric acid, after brushing with a placebo paste. The plot shows the mean pressure observed for 4 fresh human dentine samples. Triangles: Pressure-time data for uid ow through human dentine, etched in 10% citric acid, and then brushed with alginate paste (average of 4 data sets). The error bars for the alginate data are larger.
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ANALYTICAL SCIENCES APRIL 2008, VOL. 24 commercial varnish (Cervitec ® ) occluded the vast majority of the tubules, as evidenced by the fluorescence data (which showed no flow) and pressure-time data recorded for these samples. The placebo paste and alginate paste both occluded the tubules to a certain extent, but under pressures in excess of 6 kPa, material deposited on the surface to occlude flow was expelled from the dentine into the receptor solution. It should be noted that the natural pressure across dentine in the oral cavity is estimated to be ca. 2 kPa 19 and so these pastes are likely to withstand this. The alginate paste resulted in a larger increase in pressure than the placebo paste, and thus alginate appears to be a successful candidate for the treatment of dentinal hypersensitivity.
